A strategy based on doped liquid crystalline networks is described to create mechanical self-sustained oscillations of plastic films under continuous light irradiation. The photo-excitation of dopants that can quickly dissipate light into heat, coupled with anisotropic thermal expansion and self-shadowing of the film, gives rise to the self-sustained deformation. The oscillations observed are influenced by the dimensions and the modulus of the film, and by the directionality and intensity of the light. The system developed offers applications in energy conversion and harvesting for soft-robotics and automated systems.
Introduction
The search towards sustainable energy is an area of growing interest in response to the depletion of fossil energy and climate change. Methods to convert light energy into mechanical work are currently being investigated, such as photovoltaics to generate electricity, biomass to produce fuels, solar water splitting to produce oxygen and hydrogen. However, all these processes fueled by light require multiple steps before their energy production can run machines that perform work. Although these approaches offer a large panel of applications, they require production, storage and transport of intermediates (e.g., electrical potential, chemical fuels). Hence, devices able to convert directly sunlight into macroscopic motion present advantages of simplification.
In the last decades, many examples of photo-actuators have been developed where polymers change shape upon irradiation 1, 2, 3 . However, in the large majority of these examples, continuous actuation requires turning the light on/off to switch from one state to the other. So far, only a limited number of photo-responsive materials working out-of-equilibrium has been described 4, 5, 6, 7 . Systems based on liquid crystal networks (LCNs) 8, 9, 10, 11, 12, 13 are also investigated because of their intrinsic anisotropy that allows for preprogramming the deformation in a controlled fashion 14 . Recently, it was reported that the photo-thermal effect induced by excitation of photo-stabilizers incorporated in LCN can generate oscillatory motion 15 .
Here, the method to create LCN films that mechanically oscillate under continuous light irradiation is described. The conception of the films is detailed from the preparation of the cells to the characterization and the polymerization of the LC mixtures. The photo-actuation of the LCN films and the analysis of the motion are also reported. The LCNs are doped with molecules that can quickly dissipate light into heat within the network, which induces anisotropic thermal expansion and subsequent macroscopic deformation of the film. An interplay between self-shadowing, temperature variation and contraction/elongation of the material gives rise to the oscillatory motion 15 . The precise setup, including the orientation of the light and the sample to obtain this effect is highlighted in the protocol. The oscillation is characterized by its frequency and controlled by the properties of the LCN. To our knowledge, this is the first description of a method for the creation of LCN films that can self-oscillate, by a simple mechanism working with a broad range of dopants.
4. Rubbing the planar alignment layer 1. Rub the glass plates coated with the planar alignment layer in order to create (sub) microchannels in the layer that will guide the LC in one direction. To do so, place the glass plates with the coated side downwards on a velvet cloth. Apply a uniform and soft pressure with two fingers. Carefully drag the glass plate along the surface of the velvet cloth in a straight direction. Lift the glass plate and repeat the same operation three times ( Figure 1H) . NOTE: It is crucial to rub the plate in a single direction and only while going forward. Going back and forth in a straight direction will result in a poor alignment.
5. Gluing the cells 1. Air blow the glass plates using the air blower. 2. Prepare the adhesive by mixing a UV-curing glue with spacers (glass beads) having a well-defined diameter of 20 µm. 3. Take a glass plate coated with a planar alignment layer and one glass plate coated with a homeotropic alignment layer. Place two tiny drops of glue at two adjacent corners of the planar glass. Then place two other drops of glue at about 5 mm from the two last corners ( Figure 1I ). 4. Take the homeotropic glass plate and place it on top. Leave a gap of about 4 mm between the edges of the glass plates to provide enough space for the LC mixture. Make sure that the coated sides are facing each other. 5. Cure the glue by placing the cell for 2 min under UV light.
CAUTION: UV light is hazardous; wear gloves, eyeglasses and appropriate personal protection.
LC Mixture Preparation and Characterization
1. Components 1. Weigh 97.5 mg of the LC diacrylate 1, 2.5 mg of photo-stabilizer and 1 mg of photoinitiator in a brown glass vial (Figure 2) . Because of the sensitivity of the initiator, prevent UV light exposure to the mixture as best as possible.
Homogenous mixing of the powders NOTE:
This step is performed in a chemical hood. 1. Add 3 mL of dichloromethane (DCM) to the above components and shake until the solid is fully dissolved. 2. Place the vial on a hot plate at 30 °C for 30 min and add a flow of argon to promote the quick evaporation of the DCM. NOTE: It is recommended to place the vial in vacuum to remove any residual trace of DCM. 
Discussion
The results described here are comparable with the previous study 15 on a LC diacrylate with a spacer of 6 carbons. It shows that the method to obtain oscillation can be applied to films with different mechanical properties 16 .
The preparation of a photo-thermal responsive LCN is reported. There are a few steps in the described protocol that are critical, such as the rubbing of the planar alignment layers and the preparation of the cell. Indeed, the success of the protocol relies on the high quality of the LC splay alignment, which also limits the application to thin films.
Previously, many examples of photo-actuators based on LCNs that contain a large quantity of photo-switches have been reported 11, 12, 13, 19 . The main advantages of the method developed here are the limited quantity of dopants needed to observe the actuation (< 5 wt%) and the broad choice of dopants available. 15 These results expand the range of potential applications. Moreover, the power of this protocol is the ability to vary the frequency and the amplitude of the oscillation by changing the modulus of the film with a different matrix composition, the dimensions of the stripe and the light intensity.
This methodology can be readily extended to fabricate a broad range of LC materials for automated systems. The protocol described herein paves the way to the development of non-equilibrium systems for soft-robotics and automated materials.
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